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Brown’s vorticity transportmodel has beenused to investigate the inﬂuence of theblade aerodynamicmodel on the
accuracy with which the high-frequency airloads associated with helicopter blade–vortex interactions can be
predicted. The model yields an accurate representation of the wake structure yet allows signiﬁcant ﬂexibility in the
way that the blade loading can be represented. A simple lifting-linemodel and a somewhatmore sophisticated lifting-
chord model, based on unsteady thin aerofoil theory, are compared. A marked improvement in the accuracy of the
predicted high-frequency airloads of the higher harmonic control aeroacoustic rotor is obtained when the lifting-
chord model is used instead of the lifting-line approach, and the quality of the prediction is affected less by the
computational resolution of the wake. The lifting-line model overpredicts the amplitude of the lift response to blade–
vortex interactions as the computational grid is reﬁned, exposing the fundamental deﬁciencies in this approachwhen
modeling the aerodynamic response of the blade to interactions with vortices that are much smaller than its chord.
The airloads that are predicted using the lifting-chord model are relatively insensitive to the resolution of the
computation, and there are fundamental reasons to believe that properly converged numerical solutions may be
attainable using this approach.
Nomenclature
aij = interpolation coefﬁcients
b = blade semichord
c = blade chord, 2b
CN = section normal force coefﬁcient
CT = rotor thrust coefﬁcient, T=AR2
f = reverse ﬂow parameter
Fj  = azimuthal interpolation functions
K = coefﬁcient of integration
M = Mach number, U1=a
Na = number of azimuthal interpolation functions
Nr = number of radial interpolation functions
Pir = radial interpolation functions
R = rotor radius
r = blade spanwise coordinate scaled by R
S = local vorticity source
t = time
u = ﬂow velocity vector
U1 = magnitude of freestream velocity
w = blade velocity relative to background ﬂow
X = rotor streamwise coordinate
x = aerofoil chordwise coordinate, b cos’
Y = rotor lateral coordinate
yel = elastic lag motion
Z = rotor vertical coordinate
zel = elastic ﬂap motion
 = total bound circulation
el = elastic blade torsion
 = velocity due to vorticity in ﬂow
 = viscosity of ﬂuid
 = density of ﬂuid
 = unit vector parallel to blade trailing edge
’ = Glauert’s variable
 = azimuth angle
! = vorticity in ﬂow
I. Introduction
A PARTICULAR source of helicopter vibration and noise,especially in descending ﬂight or during maneuvers, is the
localized aerodynamic interaction between the rotor blades and
the vortices that they produce in their wake. Accurate prediction of
the amplitude and position of the loading perturbations on the rotor
that are induced by these blade–vortex interactions (BVI) relies
critically upon the correct simulation of both the blade deformation
and the position and strength of thevortical structureswithin the rotor
wake. Modeling the evolution of the vortices within the wake, and
correctly capturing their position and strength over time, is a
particularly challenging task given the complex aerodynamic envi-
ronment in which the helicopter rotor operates. The availability of a
reliable tool that can accurately predict the high-frequency compo-
nents of the blade loading, particularly those that are responsible for
the rather objectionable characteristics of the helicopter under certain
ﬂight conditions, would be of signiﬁcant beneﬁt to the designers of
modern rotorcraft given the current industrial focus on reduction
of both maintenance costs and noise. As a result, accurate modeling
of the structure of the wake generated by the helicopter rotor has
become one of the primary challenges for the developers of compu-
tational ﬂuid dynamics (CFD) methods designed for rotorcraft
applications.
CFD calculations of the ﬂow around the entire rotorcraft, or even
just the rotor, are extremely challenging. This is because simul-
taneous accurate representation of ﬂow features on the scale of the
rotor (for instance, the overall geometry of the wake) and of vortex
cores (for instance, the details of the roll-up process behind the blades
that leads to the formation of the tip vortices) requires a method that
can resolve the relevant physics over at least two spatial orders of
magnitude. Nevertheless, recent advances in coupling rotorcraft
computational structural dynamic (CSD) analyses to rotorcraft CFD
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have demonstrated signiﬁcant progress in accurately predicting the
rotor blade motion and capturing the associated blade airloads. Boyd
[1] and Lim and Strawn [2], for instance, show encouraging results in
comparison with the HART II experimental data for prediction of
BVI airloads and acoustics. Their investigations show, however, that
high grid densities (with cell numbers of up to 113 million) are
required to reduce the numerical dissipation of standard CFD
techniques to a level where the high-frequency character of the BVI-
generated airloads can be captured. For most CFD methods,
however, the accuracy of the solution is, inevitably, a compromise
between the need for high-ﬁdelity resolution of the wake and the
computational cost that is incurred in achieving this ﬁdelity. At
present, this invariably results in solutions that are grid-dependent,
given the prohibitive computational cost of rotor calculations on
grids that are sufﬁciently ﬁne to resolve the detailed structure of the
wake.
The higher harmonic control aeroacoustics rotor test (HART)
program [3–6] was initiated to provide experimental insight into the
structure of the rotor wake and its effect on the aerodynamic loading
of the rotor blades, and thus on the acoustic signature of the rotor.
Three different cases were studied: a baseline (BL) case with
conventional control inputs and two cases with higher harmonic
control (HHC) inputs applied to the rotor (the so-called MVandMN
cases). The second HART test, in particular, concentrated on
gathering detailedmeasurements of the rotor wake in order to catalog
the development of the blade-tip vortex as it ages and convects away
from its point of origin. The three-component particle-image-
velocimetry (3C-PIV) technique that was used in the HART II tests
allowed instantaneous measurement of the velocity ﬁeld contained
within a series of highly resolved observation areas.
There is much interest, especially in the context of rotor design, in
developing methods that offer high-ﬁdelity resolution of the rotor
wake but at reduced computational cost compared with full CFD
calculations. Lifting-line-type or lifting-surface-type aerodynamic
models have been used widely in so-called comprehensive codes to
provide blade airload information [7–9]. These models are generally
inviscid in nature, and so thewake produced by the blades ismodeled
separately in terms of the trailed and shed vorticity from the blades. In
many cases, it is only the trailed vortices that are modeled, and the
shed vorticity is accounted for separately by an additional unsteady
aerodynamicmodel that is then forced to rely upon a certain degree of
empiricism. Additional considerations are required to account for
compressibility effects and stall. Such models are relatively simple
and easy to implement, but the physical accuracy of their portrayal of
the dynamics of thewake, especially if based on a prescribed- or free-
wake approach, can be called into question, especially in terms of
resolving the detail of the close blade–wake encounters associated
with BVI. It is not clear if discrepancies in the wake model (or,
instead, in the blade aerodynamic model that lies at the source of the
wake) are responsible for the deﬁciencies in prediction of the BVI-
induced loads that appear to be characteristic of this type of approach.
In this paper, the aerodynamics of the HART II rotor are modeled
using Brown’s vorticity transport model (VTM) [10,11], and results
are compared with the HART II experimental data set [3–6]. The
VTM is based on a time-dependent vorticity–velocity formulation of
the Navier–Stokes equations, solved computationally on a structured
grid system surrounding the rotor. The method has been designed
speciﬁcally to reduce numerical dissipation of the vorticity in the
ﬂow, thus maintaining the integrity over many rotor revolutions, of
the vortical structures that are present in the rotor wake (for instance,
see Fig. 1). This paper aims to conﬁrm that the VTM is well suited to
modeling the geometry of the wake to the accuracy and detail that is
required for the high-frequency components of the blade airload that
are associated with BVIs to be captured correctly. To decouple the
structural dynamic problem from the aerodynamic one, the structural
deﬂection of the rotor blades was prescribed within the compu-
tational model. The prescription of the blade dynamics was based on
a variable–separable interpolation of the blade deformations, which
were measured during the HART II experiments [3–6].
The VTM allows signiﬁcant ﬂexibility in the way that the source
of vorticity into the wake can be generated. For instance, a simple
lifting-line model for blade aerodynamics can be used, or a full,
primitive-variable CFD calculation of the blade ﬂow can be
embedded in the calculation [12]. This ﬂexibility makes the VTM
ideal for studying the effect of the blade aerodynamic model on the
ﬁdelity of the prediction of the high-frequencyBVI-induced loads on
the rotor. TheVTM framework has been used to predict the geometry
of the wake system and the resultant rotor blade loading for the
HART II rotor, using two different models for the blade aero-
dynamics.
Theﬁrst blade aerodynamicmodel is relatively simple and is based
on an extension of the Weissinger-L formulation of lifting-line
theory. In this model, the strength of a bound vortex attached to the
quarter chord of the blade is determined by enforcing a zero
throughﬂow boundary condition at one discrete point located at the
three-quarter chord of the airfoil. Results obtained using this
approach are contrasted with the results obtained using a more
sophisticated blade aerodynamics model. This model is based on an
extension of classical unsteady thin-airfoil theory and uses Peters
et al.’s state-space formulation for the blade airloads [13]. In this so-
called lifting-chord approach, the aerodynamic environment of the
blade is represented via a series of integrals over the chord of the
blade, thus yielding a higher-order approximation to the aero-
dynamic loading on the blade than is given by lifting-line theory.
II. Computational Model
The present formulation of the VTM, developed by Brown and
Line [10] and Brown [11] couples a model for the aerodynamics of
the blades of the helicopter rotor to an Eulerian representation of the
dynamics of the vorticity in the ﬂowﬁeld surrounding the helicopter.
A. Wake Model
The vorticity in the ﬂowﬁeld is evolved by the solution of the
Navier–Stokes equations in vorticity–velocity form on a structured
Cartesian grid surrounding the rotor. Assuming incompressible ﬂow
with velocity u, the associated vorticity distribution !r  u
evolves according to the unsteady vorticity transport equation
@
@t
! u  r!  !  ru S r2! (1)
In this formulation, the vorticity then becomes the conserved variable
within the ﬂow and is thus not affected by the numerical dissipation
that is inherent in CFD codes based on a pressure-velocity formu-
lation of the Navier–Stokes equations. Toro’s weighted average ﬂux
Fig. 1 VTM-calculated wake structure of the HART II system,
visualized as a surface within the ﬂow onwhich the vorticity has uniform
magnitude.
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method [14] is used within the code to convect the solution through
time. Within the particular implementation that is used, the local rate
of numerical diffusion of vorticity is controlled very effectively by
using a set of highly compressive ﬂux limiters.
At each time step, the velocity at the cell faces is obtained from the
vorticity distribution using a fast multipole technique to invert the
differential form of the Biot–Savart equation
r2ur  ! (2)
A semi-Lagrangian adaptive grid is used to track the evolving
vorticity in such a way that cells only exist in regions of the
computational domainwhere thevorticity is nonzero.As thevorticity
moves to a new location, new cells are created, and any cells that no
longer contain vorticity are destroyed. Thus, the grid structure is free
to follow the evolution of the wake, eliminating the requirement for
explicit numerical boundary conditions at the edge of the compu-
tational domain and increasing the computational efﬁciency of the
method. Moreover, a nested grid system allows for ﬁne resolution
close to the rotor and then a systematic decrease in resolution with
distance from the rotor hub.
B. Blade Aerodynamic Model
Two separate blade models have been incorporated within this
VTM framework in order to yield the aerodynamic loading on the
blades. In the ﬁrst model, an extension of the Weissinger-L formu-
lation of the lifting-line theory is implemented on a series of discrete
panels along the length of each rotor blade. A bound vortex is
attached to the quarter chord of each panel. The strength of the bound
circulation  along the length of the blade is then determined by
enforcing, simultaneously, a condition of zero throughﬂow at the set
of collocation points that are located at the three-quarter chord of
each panel.
A second model for the blade aerodynamics is based on an
extension of the classical unsteady thin aerofoil theory and uses a
particular formulation for the airloads that is based on that developed
in state-space form forﬂexible aerofoils by Peters et al. [13]. The zero
throughﬂow boundary condition allows the total bound circulation
on the aerofoil to be written as
 2bfw0  0  12w1  1	 (3)
where f is a reverse ﬂow parameter designed to enforce the Kutta
condition at the downwind edge of the aerofoil. The circulation is
deﬁned in terms of the weighted integrals, given by
n  1Kn
Z

0
cosn’ d’ (4)
and
wn  1Kn
Z

0
wcosn’ d’ (5)
where w is the component, normal to the blade chord, of the blade
velocity relative to the uniform background ﬂow, and  is the
component, again normal to the blade chord, of the velocity due to all
vorticity in the computational domain, except that which is bound to
the panel under consideration. Glauert’s variable ’ is deﬁned such
that
x b cos’; b 
 x 
 b; 0 
 ’ 
  (6)
and
Kn 
Z

0
cosn’ d’ (7)
These integrals are evaluated numerically after evaluating the
integrands at several discrete points along the chord of each blade
panel. The sectional lift (per unit span) is then given by [13] as
L U1 121  b2 _w0 (8)
Using the same notation, the total bound circulation on the aerofoil
given by the Weissinger-L method is
 2bfw  	jxb=2 (9)
and the sectional lift (per unit span) is simply
L U1 b2 _wjx0 (10)
In both aerodynamic models, the trailed and shed vorticities from
each vortex panel are added to the nearwake downstreamof the blade
as the local vorticity source:
S @
@t
 ub @@r (11)
where  is the unit vector parallel to the trailing edge of the blade, and
ub is the velocity of the trailing edge relative to the air.
The two-dimensional aerodynamic characteristics of the rotor
blade sections are speciﬁed in a lookup table as a function of the angle
of attack and Mach number for a given Reynolds number. These
characteristics can be used to precondition the zero throughﬂow
boundary condition to allow the blade aerodynamic calculation to
closely match the sectional aerodynamic characteristics, including
stall, of the actual blade. As this approach is still essentially inviscid,
the proﬁle drag of the blade is calculated as a separate function of
local angle of attack and is then added to the local aerodynamic force
that is calculated from the blade aerodynamic model.
C. Fuselage Model
Fuselages or other solid bodies are represented using an unsteady
vortex panel method, as described in [15]. The surface of any body
immersed in the ﬂowﬁeld is discretized into a system of panels, such
that each panel edge is represented as a vortex ﬁlament with constant
strength, forming a closed loop of vorticity. The velocity at the
centroid of any panel is calculated as the sum of the inﬂuences from
all vortexﬁlaments on the body together with the velocity induced by
all the other vorticity within the ﬂow. To determine the strengths of
the vortex loops, a boundary condition of zero throughﬂow is
enforced simultaneously at the centroids of all panels.Where present
in the simulations described in this paper, the drive housing for the
HART II rotor was modeled using 1908 panels. This yields a level of
resolution that is comparable to previous simulations using this
approach (for example, as described in [15]).
D. Structural Dynamics
In the particular version of the model used in the present inves-
tigation, the motion of the blades is prescribed based on a variable–
separable interpolation of the blade deformations that weremeasured
at discrete azimuthal and radial locations on each blade during the
HART II experiment. In the experiment, the blade deformation was
measured using a nonintrusive optical method called stereo pattern
recognition, as described in [16–18].
Each componentDof the blade deformation is reconstructed in the
simulations by using interpolating functions of the form
Dr;   
XNr
i1
XNa
j1
aijPirFj  (12)
where Nr and Na are, respectively, the number of radial and
azimuthal interpolation functions, Pir and Fj , used to describe
the particular component of the blade deﬂection. The radial inter-
polation functions were taken to be polynomials, and the azimuthal
interpolation functions were taken to be the components of a Fourier
series, so that
Pir  ri1 (13)
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Fj  

cos j1
2
 ; if j 2 f1; 3; 5; . . .g
sin j
2
 ; if j 2 f2; 4; 6; . . .g (14)
The coefﬁcients aij of the interpolation function were calculated
by enforcing a simple least-squares ﬁt to the measured data for the
blade deformations. This method interpolates over the relatively
sparse experimental data, as well as ﬁlls any gaps in the data where
the markers used in the measurements could not be viewed because
they laid within the shadow of the drive enclosure and the mounting
support or had peeled off the blades. The sets of coefﬁcients that give
the best approximation to the elastic ﬂap, lag, and torsional
deformations (zel, yel, and el) of the blades using six radial and nine
azimuthal interpolation functions are given, at least for the HART II
BL case, in the appendix to [19].
The difference between the interpolation and the experimental
data set for each of the measured components of the elastic
deformation of the blades was within the stated error bounds on the
measurements of0:5 for the elastic torsion and0:5 mm for the
ﬂap and lag deﬂections. Nevertheless, the reliability of the inter-
polation may be questioned in areas where the experimental data
were particularly sparse, as was, for instance, the case around 0 and
180 azimuth.
III. Airload Predictions
The aerodynamic environment that is encountered by the rotor
blades of a helicopter under typical operating conditions is highly
unsteady. Although the main contributions to the blade angle of
attack come from the control inputs and the elastic deformations,
additional and not insigniﬁcant effects are introduced by the wake
that is produced by the rotor in ﬂight. In particular, the concentrated
vortices that are trailed from the tips of the blades induce rapid
changes in angle of attack over very short time scales when they
encounter a blade. To capture the effects of these interactions on the
loading, the blade aerodynamic model must be able to capture the
aerodynamic response of the blade when subjected to these very
transitory perturbations to its aerodynamic environment. Rapid
transients in both the angle of attack of each blade section and the rate
of change of the angle of attack are caused by the pitchingmotions of
the blade. In addition, the ﬂapping motion of the blade results in a
plunging motion at each blade section, and changes in the freestream
ﬂow cause each blade section to experience a nonuniform gust ﬁeld.
The unsteady aerodynamic response of the blade sections to each
of these stimuli is different; thus, the combined response can be
extremely complex [20]. It is important that the model that is used to
represent the aerodynamics of the blade is able to distinguish
between the effects on the blade airload that arise from each of the
stimuli mentioned previously. In particular, the model that is used
must be able to correctly represent both the unsteady response of the
blade due to changes in angle of attack and the response that is due to
a vertical gust velocity normal to the blade. The ability of each of the
two blade aerodynamic models to distinguish between these two
phenomena can be ascertained by comparing their predicted
response to the analytical solutions to Wagner’s [21] and Küssner’s
[22] classical problems from the ﬁeld of linearized, unsteady aerofoil
aerodynamics. As a prerequisite to the accurate prediction of BVI
noise, it is also important to verify the ability of each of the blade
models to accurately predict the aerodynamic response of an aerofoil
to an encounter with an isolated vortex. The characteristics of the two
blademodels in this respect are investigated in the following sections
of this paper.
A. Wagner’s Problem
Wagner’s problem [21] considers the transient lift response of a
thin aerofoil of chord 2b to a step change in angle of attack (from zero
to  at time t 0). Wagner showed that the lift response due to
circulation was of the form
Clt
Clt! 1  s (15)
assuming that  is small, where s is known as Wagner’s function
and sU1t=b: i.e., the number of semichords traveled by the
aerofoil in time t. Wagner’s function has an initial value of one-half
and asymptotes to unity as time goes to inﬁnity.
The lift response of an aerofoil,‡ as predicted using the lifting-line
model and the lifting-chordmodel, to a step change in angle of attack
is comparedwithWagner’s analytical result in Fig. 2 [21]. Thisﬁgure
shows the reasonably well-known fact that the initial lift predicted by
the lifting-line model is equal to one-third of the steady-state lift
rather than one-half of the steady-state value, whereas the lifting-
chord approach reproducesWagner’s exact solutionmore accurately.
Increasing the number of chordwise points over which the
weighted integrals are evaluated increases the accuracy of the initial
lift response of the lifting-chord model. Indeed, Fig. 3 shows the
lifting-chord solution to effectively converge onto the analytical
solution once the integrals are evaluated at 11 or more points along
the aerofoil chord.
B. Küssner’s Problem
In contrast to Wagner’s problem [21], Küssner’s problem [22]
considers the response of an aerofoil to a transient change in angle of
attack as the aerofoil enters and progresses through a sharp-edged
vertical gust. The transient lift response can be written as
Clt
Clt! 1   s (16)
0 2 4 6 8 10 12 14 16 18 200
0.2
0.4
0.6
0.8
1
Time (semichords)
C l
(t)
/C
l(t→
∞
)
Wagner’s Function (approx)
Lifting Chord
(integrated over 11 points)
Lifting Line
Fig. 2 Wagner’s problem [21] for the aerodynamic response of an
aerofoil to a step change in angle of attack.
0 1 2 3 4 5 60.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Time (semichords)
C l
(t)
/C
l(t→
∞
)
Wagner’s function
Integrated over 21 points
Integrated over 11 points
Integrated over 9 points
Integrated over 8 points
Integrated over 7 points
Integrated over 5 points
Fig. 3 Convergence of the lifting-chord model to Wagner’s exact
solution [21] as the number of points is increased over which the lifting-
chord integrals are evaluated.
‡A two-dimensional aerofoil is modeled in the VTM as a rotor bladewith a
very large aspect ratio.
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where  s is Küssner’s function. Küssner’s function has an initial
value of zero and asymptotes to unity as time goes to inﬁnity.
The aerodynamic response of an aerofoil to its progression
through a sharp-edged gust, as predicted using the lifting-line model
and the lifting-chord model, is compared with Küssner’s analytical
solution in Fig. 4 [22]. The lifting-chord approach capturesKüssner’s
analytical result correctly, in the sense that the response to the gust
starts as soon as the leading edge of the aerofoil penetrates the gust. In
contrast, in the lifting-line case, the blade does not respond until the
forward edge of the gust reaches the three-quarter chord of the
aerofoil: in other words, the point at which the zero throughﬂow
boundary condition is evaluated.
C. Interaction with Isolated Vortex
To illustrate the behavior of the two different blade models in
capturing theBVI-induced aerodynamic response of the blade, Fig. 5
shows the predicted response of an aerofoil to an encounter with an
isolated vortex. In the example shown in the ﬁgure, the vortex passes
0:25c below the quarter-chord line of the aerofoil while convecting
downstream at a Mach number of 0.626. The core radius of the
interacting vortex is 0.162 chords (i.e., c=6:172), thus yielding a BVI
of comparable dimensions to the simulated vortex core size encoun-
tered in the context of the numerical simulations of the HART II
system described later in this paper. This is distinct from the physical
core size of the interacting vortex, as measured in the HART II
experiment, which is generally much smaller when compared with
the chord of the blade.
This case allows the ability of each of the blade models to
reproduce the highly impulsive airloads that are characteristic of
BVIs to be examined in amore realistic context than that presented in
the previous two sections of this paper. In Fig. 5, the predictions of
the lifting-line and lifting-chord models are compared with the
predictions of a conventional CFD method [23], which uses a
pressure-velocity formulation of the Euler equations throughout the
computational domain surrounding the aerofoil. This method is able
to provide a more accurate representation of the pressure response of
the aerofoil than the simpler lifting-line or lifting-chord models, and
it compares favorably to experimental data for an interaction of these
dimensions [24]. The lifting-line model responds much later to the
vortex-induced ﬂowﬁeld than does the lifting-chord model and, in
comparison, signiﬁcantly overpredicts the maximum loading on the
aerofoil that results from the interaction. Indeed, the loading on the
aerofoil once the vortex has passed downstream of the aerofoil is far
better predicted by the lifting-chord model than the lifting-line
model, indicating a signiﬁcantly bettermatch between the circulation
that is generated on the blade using thismodel and the vorticity that is
shed into the wake downstream of the trailing edge of the aerofoil.
The relative sensitivity of the two blade models to the size of the
interacting vortex is illustrated in Fig. 6, where the predicted
response of an aerofoil to a direct interaction with a set of isolated
vortices, eachwith the same circulation butwith various core sizes, is
shown. Both models predict an increase in the amplitude of the
induced loading peak as the core size of the vortex is reduced but,
using the lifting-line approach, the relative increase in amplitude is
more signiﬁcant. A slight phase shift is also visible between the
predictions of the two blade models. The consequence of these
observations for the accuracy of the prediction, not only of the BVI-
induced airloads on the rotor but also of the subsequent structure of
the wake, are explored later in this paper.
Each of the methods show fundamentally different behavior in the
presence of BVI-scale features in the wake. Indeed, Figs. 5 and 6
suggest that the lifting-line approach, due to its single-point
boundary condition, might misrepresent the vortex-induced airload
on the blade, particularly when the interacting vortices have core
sizes that are signiﬁcantly smaller than the blade chord. In contrast,
the lifting-chord model is much less sensitive to the detail contained
within the velocity ﬁeld and is, instead, reliant on the (weighted)
integral of the velocity along the entire chord of the blade. The
expected consequence is that this model might produce more robust
predictions of the blade airloads that are reliant rather upon the
invariant, integral properties of the vortex, such as its circulation.
These results suggest that the quality of prediction of the high-
harmonic components of the blade airloads can be improved simply
by paying careful attention to the ﬁdelity of the model that is used to
represent the aerodynamics of the blades.
IV. HART II Airload Prediction
The airload as predicted by the VTM is compared with experi-
mental data for the three cases of the HART II test: the BL case with
conventional control inputs and the two cases with additional three-
per-revolution HHC inputs applied to the rotor [the so-called
minimum noise (MN) and minimum vibration (MV) cases] [3]. The
operational parameters of the HART II test are summarized in
Table 1. In addition, simulations at three different spatial and
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Fig. 4 Analytical and numerical solutions to Küssner’s problem [22]
compared. (The leading edge of the aerofoil encounters the gust at time
t 0.)
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Fig. 5 Predicted aerodynamic response of an aerofoil to interaction
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temporal resolutions, as deﬁned in Table 2, are compared to expose
the effect of grid resolution on the ability of each of the blade models
to predict the airloads on the rotor. Throughout, each blade was dis-
cretized into 40 spanwise panels. These panels were cosine-
distributed along the span to improve resolution of the loading
gradients near the root and tip of the blade, but no additional
clustering was employed to improve resolution near the positions of
individual BVI events. In all simulations, the rotor was trimmed to
the experimental thrust coefﬁcient and to zero aerodynamic pitch and
zero roll moments about its hub. Throughout, the structural dynamics
of the blades were prescribed using six interpolation functions in the
radial direction and nine in the azimuthal direction.
Figure 7 shows the predicted normal force coefﬁcient CNM
2 for
the HART II BL case, plotted as a series of contours over the rotor
disk. The airload predicted by the VTM at each of the three different
resolutions of the ﬂowﬁeld, deﬁned in Table 2, and using the lifting-
line and lifting-chord models for the blades are compared. The BVIs
are visible in the contour maps as thin ridges of relatively high
loading toward the rear of the disk, in the ﬁrst and fourth quadrants of
the rotor. The interactions are strongest outboard toward the blade
tips, particularly on the retreating side of the disk. Where the lifting-
line approach is used, an increase in grid resolution results in a
marked increase in the amplitude of the BVI peaks, and the asso-
ciated loading gradients become signiﬁcantly steeper. In contrast, the
lifting-chord approach shows much less sensitivity to the size of the
computational cells.
Similar contours of the normal force coefﬁcient for all three cases
of the HART II test are shown in Fig. 8. In the BL case, the contours
of highest loading occur in a relatively even band across the front of
the disk. The loading in this band is higher in theMN case than in the
BL case and is less even, with peaks in loading further outboard on
the disk, toward the advancing and retreating sides. In the MV case,
the peaks in the overall loading are shifted further forward on the
retreating side and further aft on the advancing side of the disk when
compared with theMN case. The changes in the location on the rotor
disk where the BVI events occur with the addition of HHC are also
apparent in these plots and are discussed in more detail later.
During the HART II test program, the sectional airloadCN at 87%
of the blade spanwas estimated by conditionally averaging the signal
from a set of pressure transducers mounted at this section of the
blade. The measured blade airload at the 87% radial station for the
three HART II cases, expressed in terms of normal force coefﬁcient
CNM
2, are compared in Fig. 9 to the loading predicted by the VTM.
In general, the calculated loading at this radial station compares well
with the experimental data for all cases. The advancing side is
perhaps the least well resolved, with the largest discrepancies be-
tween prediction and experiment on this side of the disk occurring in
the low-frequency component of the airload. The predictions of the
loading on the retreating side of the disk correlate well with the
experimental data for all three cases. The ﬁgures show, nevertheless,
that the lifting-line method is more sensitive than the lifting-chord
approach to changes in the cell size that are used to represent the
wake.
A. Low-Frequency Component of Airload
Figure 10 shows the normal force coefﬁcient CNM
2 for all three
HART II cases, after ﬁltering at a frequency of 10 per rotor revolution
to separate out the low-frequency component of the signal. These
ﬁgures clearly illustrate that, in all three cases, the major differences
between the experimental data and the numerically predicted lift for
the low-frequency component of the signal lie mainly to the
advancing side of the disk between 0 and 120 azimuth. The dis-
crepancies in this component of the airload are similar, regardless of
computational resolution and irrespective of the model that is used to
represent the aerodynamics of the blade.
Table 1 Rotor operational parameters
Parameter Value
Forward velocity 33 m=s
Rotational speed 1041 rpm
Blade passage frequency 69.4 Hz
Shaft tilt 5.3
Thrust coefﬁcient 0.00457
Advance ratio 0.151
Table 2 Computational resolution
Size of smallest cells Time steps per
rotor revolution
Degrees of azimuth
per time step
Coarse R=55:5 c=3:36 350 1.03
Medium R=83:3 c=5:04 525 0.69
Fine R=125:0 c=7:56 800 0.45
Fig. 7 Contours of the normal force coefﬁcientCNM
2 as predicted by the VTMat various computational resolutions for the HART II BL case using the
a) lifting-line and b) lifting-chord representations of the blade aerodynamics.
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Several reasons for the observed discrepancies can be postulated.
Incorrect prediction of the strength of the vorticity trailed from the
roots of the bladesmight, for instance, adversely affect predictions of
the ﬂow and, hence, the loading experienced by the blades as they
pass near the rear of the disk. A parametric study has shown,
however, that there is very little qualitative improvement in the blade
loading obtained by varying the boundary condition that is applied at
the root of the blade, and hence to the strength of the vortices
emanating from there.
An additional factor that should be considered is that the loading
distribution on the advancing side of the HART II rotor under the
experimental conditions is quite unusual in being almost uniformly
spread along the length of the blade. This yields a sheet of trailed
vorticity behind the blade that is relatively weak and thus takes some
time to roll up to form a coherent tip vortex. This particular aspect of
the vortical structure of the wake of the HART II rotor is shown later
in the paper to be predicted very accurately by the VTM; hence, the
contribution of any inaccuracy in prediction of this roll-up process to
the observed errors in blade loading is, at most, very subtle.
As it is this component of the loading that is primarily affected by
control inputs and blade structural deformation, it is most likely that
the observed discrepancies in the prediction of the low-frequency
component of the blade loading are simply due to errors in the
interpolation that was used to prescribe the blade dynamics within
the simulation. Indeed, it is suggestive that the most signiﬁcant
discrepancies between the experimental data for the torsional
deformation of the blades and the interpolation used in the simulation
coincide rather closely with these regions of the rotor disk. The
missing experimental data for the structural deformation of the
blades around 0 and 180 azimuthmay have had a particularly strong
effect on the quality of the structural model on those regions of the
advancing side of the rotor that are most strongly inﬂuenced by BVI.
This explanation is supported by the calculations of Boyd [1] and
Lim and Strawn [2], where a coupled CSD/CFD approach was used
to substitute a numerical analysis of the structural dynamics of the
rotor blades for the prescribed structural deﬂections used here. Their
simulations yield particularly good correlations with experimental
data for the low-frequency component of the blade airload.
B. High-Frequency Component of Airload
The high-frequency component of the blade airload is almost
exclusively due to the localized interactions between the rotor blades
and the vortices within the rotor wake. In Fig. 11, the contours of the
predicted normal force coefﬁcient CNM
2 have been ﬁltered to
include only the high-frequency components of the signal (i.e., those
greater than ten per rotor revolution) to expose in greater detail the
distribution of these BVI events across the rotor disk.
Figure 11 illustrates the effect of HHC inputs on the position and
strength of the BVIs. In the BL case, in which noHHC is applied, the
BVI-loading peaks are located outboard on the rotor disk and toward
its rear: i.e., in quadrants one and four. The interactions on the
retreating side of the disk are stronger, as the interacting vortices are
orientated more nearly parallel to the blade than on the advancing
side (see Sec. V). In comparison with the BL case, the BVI events in
the MN case, particularly within the ﬁrst quadrant on the advancing
side of the rotor, are located signiﬁcantly more inboard. Since the
Mach number of the blade increases toward the tip, those interactions
that occur inboard take place at lower Mach numbers. Moreover, the
tip vortices pass close to the disk further forward than in the BL case
(again, see Sec. V); thus, the area of the disk over which the BVI
events occur extends further forward. On the retreating side, again,
the BVIs occur further forward in the MN case than in the BL case
and, as a result, the interacting vortices are no longer orientated
parallel to the blade. Both the reduction in Mach number where the
interactions take place and the change in orientation of the interaction
reduce the amount of noise that is radiated toward the ground.
In the MV case, the azimuthal locations of the BVI events remain
similar to those of the BL case on both the advancing and retreating
sides of the rotor, but the associated loading peaks are shifted more
outboard toward the blade tips. The higherMach numbers associated
with these interactions produce an increase in the noise radiation
from both sides of the disk. The trends observed in the VTM
calculations are comparable to those obtained by plotting the
experimentally measured pressure along the leading edge of the
blade for the threeHART II cases [3,4]. The computations also reveal
the presence of relatively strong interactions with the root–vortex
system that is produced by the blades. These interactions are not
apparent in the experimental data, however, and may be an artifact of
the omission of any representation of the rotor hub assembly from the
calculations.
Figures 12–14 show the normal force coefﬁcient CNM
2 for the
87% radial station (at which pressure measurements were gathered
during the HART II test, see Sec. IV) after it has been ﬁltered to
contain only the high-frequency component of the loading (i.e., that
which is induced by the interactions between the blades and the
Fig. 8 Contours of the normal force coefﬁcient CNM
2 as predicted by the VTM at the medium computational resolution for all three HART II cases
using the a) lifting-line and b) lifting-chord representations of the blade aerodynamics.
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vortices in thewake). In theseﬁgures, theBVI-induced loadingﬁelds
on the retreating and advancing sides of the rotor have been produced
with expanded azimuthal scale to aid their interpretation.
For each of the HART II cases, the numerical representation of the
BVI events on the retreating side of the rotor is generally satis-
factory, apart from a rather gross misrepresentation of the amplitude
and position of the furthest-aft BVI in the MV case. In addition, the
predicted amplitude of this loading peak is very sensitive to the cell
size used in the simulation. Indeed, the differences in the grid
sensitivity of the two blade aerodynamic models in their prediction
of the BVI-induced loading are most obvious on this side of the
disk.
As the grid resolution is increased, the amplitudes of the peaks in
theBVI-induced loading on the blade that are predicted by the lifting-
line model increase markedly, resulting in a gross overprediction in
amplitude of the BVI-loading peaks at the ﬁnest computational
resolution. As alluded to earlier, the deﬁciencies in prediction of the
BVI-induced airloads when the lifting-line model is used are due to
themisrepresentation of the aerodynamic response of the bladewhen
subjected to the very localized perturbations in its aerodynamic
environment that are characteristic of helicopter BVIs. This char-
acteristic can be explained further in terms of the relative sensitivity
of each of the blade aerodynamicmodels to the details of the velocity
proﬁle that is induced at the blade by the interacting vortex. As the
grid is reﬁned within the VTM, the vorticity that is associated with
any particular vortex is conﬁned to fewer cells. This results in a
velocity proﬁle for the vortex that becomes more spiky as the size of
the computational cells that are used to resolve the ﬂow are reduced.
With its single-point boundary condition, the lifting-line model is
overly sensitive to the maxima and minima within the velocity ﬁeld
that is encountered by the blade. In contrast, the lifting-chord model,
forced as it is by the (weighted) integral of the velocity along the
entire chord of the blade, is much less responsive to the detail
contained within the velocity ﬁeld and is instead more heavily
inﬂuenced by the invariant, integral properties of the ﬂowﬁeld, such
as its circulation or net vorticity.
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Fig. 9 Comparison of normal force coefﬁcient CNM
2 at 87% span, as predicted using lifting-line and lifting-chord representations of the blade
aerodynamics, against experimental data for all three HART II cases.
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In general, on the retreating side of the disk, a marked improve-
ment in the accuracy of the predicted high-frequency airloads of the
HART II rotor is obtained when the lifting-chord model for the blade
aerodynamics is used instead of the lifting-line type approach.
The advancing side of the disk presents a somewhat more
confusing picture, however. For all three HART II cases, all the BVIs
on this side of the rotor are captured by the numerics, but there are
errors in the phasing and amplitude of the BVI-induced loading
peaks in almost all cases. The MN and MV cases (Figs. 13 and 14,
respectively) show somewhat greater discrepancies between the
predictions and the experimental data than the BL case. In the BL
case, there is generally good agreement between measurement and
prediction, but the strongest BVI event on the advancing side of the
disk is slightly misrepresented in phase by the numerical method. In
the measured signal, the loading peak with the largest amplitude
occurs at approximately 50 azimuth. In contrast, the numerical
calculations using coarse- or medium-grid resolutions predict the
BVI event that occurs at an azimuth of 40 to be marginally stronger
than the BVI at 50. The predicted loading intensity is thus shifted
toward the rear of the disk compared with experiment. At the
ﬁnest computational resolution, however, the difference in mag-
nitude between each of these two BVI impulses is minimal. It is
believed that this sensitivity in the relative strength of these BVIs to
the computational resolution has a strong inﬂuence on the pre-
dicted position of the acoustic maximumon the advancing side of the
disk.
In theMNcase, themost intenseBVI impulse, at an azimuth of 70
on the advancing side, is underpredicted in amplitude when the
lifting-line model is used, regardless of the resolution of the ﬂow-
ﬁeld. In contrast, as the grid resolution is increased the lifting-chord
model very accurately captures this particular loading peak. This is
discussed further in the next section of this paper.
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Fig. 10 Comparison of low-frequency component of normal force coefﬁcient CNM
2 at 87% span, as predicted using lifting-line and lifting-chord
representations of the blade aerodynamics, against experimental data for all three HART II cases.
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V. Wake Geometry
The results already presented have shown that the VTM is able to
accurately predict the high-frequency ﬂuctuations in loading that are
induced by BVIs on the rotor disk. Through a qualitative and
quantitative analysis of the geometry of the wake, this section of the
paper aims to conﬁrm that this is due to the ability of the method to
represent accurately thewake that is produced by the rotating blades.
As the aerodynamic environment in which a rotor operates is
extremely complex, the modeling of the evolution of the vortices
within the wake, particularly in terms of their correct position and
strength over time, is somewhat challenging.
Fig. 11 Contours of normal force coefﬁcient CNM
2, as predicted by the VTM at the medium computational resolution, using the a) lifting-line
andb) lifting-chord representations of the blade aerodynamics. The signal has beenﬁltered to include only the higher harmonic components, greater than
10 per rotor revolution.
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Fig. 12 Comparison of blade loading (CNM
2) at 87% span against experimental data for the HART II BL case, as predicted using a) lifting-line and
b) lifting-chord representations of the blade aerodynamics. The signal has been ﬁltered to include only higher harmonic components greater than 10 per
rotor revolution.
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Fig. 13 Comparison of blade loading (CNM
2) at 87% span against experimental data for the HART II MN case, as predicted using a) lifting-line and
b) lifting-chord representations of the blade aerodynamics. The signal has been ﬁltered to include only higher harmonic components greater than 10 per
rotor revolution.
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Fig. 14 Comparison of blade loading (CNM
2) at 87% span against experimental data for the HART II MV case, as predicted using a) lifting-line and
b) lifting-chord representations of the blade aerodynamics. The signal has been ﬁltered to include only higher harmonic components greater than 10 per
rotor revolution.
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The principal discrepancies in airload prediction described earlier
are conﬁned almost exclusively to the rear of the advancing side of
the rotor. If errors in reproducing the deﬂections of the blades could
be discounted, the observed discrepancies in airload prediction are
thought to be primarily due to minor inaccuracies in modeling the
development of the rotor wake, particularly the roll up of the vortex
sheet immediately behind the blades to form the tip vortices on the
advancing side of the rotor disk. The possible origins of these
inaccuracies are explored by comparing the vortex geometry
predicted by the VTM with that recorded during the HART II rotor
test.
The geometry of the VTM-predicted wake of the HART II system
at the medium computational resolution, as described in Table 2, is
visualized in Fig. 15 for each of the three test cases. A surface is
plotted in the ﬂow on which the vorticity has constant magnitude.
This ﬁgure illustrates the characteristic behavior of the VTM,
regardless of the model used for the aerodynamics of the rotor blade,
in retaining the spatial compactness of the vortical structures that are
present in the ﬂow even after numerous rotor revolutions have
elapsed. Indeed, it is this property of the model that makes the VTM
particularly well suited to predicting loading perturbations on the
scale of BVIs, as already shown. Themodiﬁcations to the trajectories
of the tip vortices, which result from the application of HHC, are
clearly visible when comparing the resultant wake structure of the
MN and MV cases with the BL case. In all three cases, the relatively
strong root-vortex structure, as well as the broad vortex sheet that is
generated behind the blades as they traverse the advancing side of the
rotor, can be seen clearly. The image also reveals some detail of how
this outboard sheet eventually rolls up to form a concentrated tip
vortex at some distance behind the blades, particularly on the
advancing side of the rotor. In the BL and MV cases, the BVI events
on the retreating side of the disk are caused by near-parallel inter-
actions between the rotor blade and the tip vortex. The modiﬁcation
to the tip-vortex trajectories that is introduced by the HHC in theMN
case causes these vortices to reorientate so that they interact more
obliquely with the rotating blades than in the BL case.
Figure 16 compares the wake structure that is predicted by the
VTM at the medium resolution for the MN case when the lifting-
Fig. 15 Visualization of the VTM-predicted wake geometry from simulations of the HART II rotor at medium computational resolution.
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chord representation of the aerodynamics of the blade is used with
that predicted when the lifting-line model is used. This ﬁgure shows
the sensitivity of the predicted wake structure to the model that is
used to represent the blade aerodynamics. In the calculation in which
the lifting-line model has been used, the vortex that is responsible for
the most prominent BVI in the MN case passes beneath the blade,
whereas when the lifting-chord model is used, the vortex passes
above the blade. The VTM-predicted airloads are sensitive to the
very subtle changes in the vorticity distribution that is sourced into
the ﬂow by the blades when different blade aerodynamic models are
used; in this case, given the shallow angle between the vortex and the
blade, it can easily be conceived how a small change in the predicted
position of the vortex could have a large effect on the predictions of
the associated BVI airload.
VI. Trajectory of Tip Vortices
To demonstrate the ability of the method to resolve accurately the
details of thewake and, in particular, the trajectories of the individual
tip vortices as they are convected downstream and through the rotor
disk, the computed wake structure is compared against measure-
ments of the vortex core positions. A 3C-PIV technique [25] was
used in the HART II test program to give instantaneous measure-
ments of the velocity ﬁeld contained within a series of highly
Fig. 16 Geometry of the rotor wake with the reference blade at 70 azimuth for the HART II MN case, as predicted using a) lifting-line and b) lifting-
chord representations of the blade aerodynamics.
Fig. 17 Locations of PIV measurement planes superimposed on the wake structure predicted by the VTM for the HART II BL case.
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resolved observation areas near to the rotor. These observation areas
were located along ﬁve longitudinal slices through the ﬂow between
Y=R 0:4 and Y=R 0:97, as indicated in Fig. 17. Figures 18 and
19 compare contour plots of vorticity magnitude, as predicted using
each of the two models for the aerodynamics of the blades, with the
experimental data that were measured on the two longitudinal slices
located at 40 and 70% of the rotor radius. To prevent the rotor blades
from obscuring the images, the PIVmeasurements at locations in the
ﬁrst and third quadrants were collected with the rotor at 20 azimuth
and, at locations in the second and fourth quadrants, with the rotor at
70 azimuth. This difference accounts for the misalignment of the
contours between the forward and aft sections of the rotor disk that is
visible in theﬁgures. Time lags in the data acquisition system gave an
error of 3.5 in the measured azimuthal position of the rotor, but this
has been accounted for in the presentation of the data. The experi-
mental measurements of the positions of the vortex cores are plotted
in Figs. 18 and 19 as symbols, and they are labeled with a number
corresponding to the location of the PIV measurement plane (see
Fig. 17). The positions of the vortex centers were identiﬁed from the
simple average of approximately 100 PIV images of size 0.45 by
0.38 m (0:225R by 0:19R), as described in [25]. (In the right-handed
hub coordinate system,Z is positive upward andX is positive aft. The
rotor hub is located at the origin of the coordinate system.)
A. Inﬂuence of Blade Aerodynamic Model
Figures 18 and 19 illustrate the ability of the VTM to accurately
capture the geometry of the rotor wake, irrespective of themethod by
which the blade loading is calculated, and hence by which the
vorticity source into the ﬂowﬁeld is calculated. The locations of the
maxima in the computed vorticity distribution in the wake show, in
general, very good correlation with the experimentally measured
Fig. 18 Computed wake structure (contours of vorticity magnitude) and vortex core positions (symbols) estimated from the experimental data
compared on a longitudinal slice through the wake at 40% of the rotor radius (HART II BL case).
Fig. 19 Computed wake structure (contours of vorticity magnitude) and vortex core positions (symbols) estimated from the experimental data
compared on a longitudinal slice through the wake at 70% of the rotor radius (HART II BL case).
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vortex positions. This is true for the slices close to the rotor hub and
for those which lie closer to the tips of the blades.
On the forward half of the rotor disk, the prediction of the vortex
positions is better on the retreating side than on the advancing side of
the rotor, which is consistent with the observed accuracy of the blade
airload predictions. Such a trend is less obvious toward the rear of the
rotor disk. Indeed, the positions of the vorticity maxima, as predicted
by the VTM using both lifting-chord and lifting-line blade aero-
dynamic models, are all well within one chord length (c=R
0:0605) of the experimentallymeasured positions of thevortex cores.
The most obvious difference between the two different models for
the loading on the blades is how they represent the structural features
of the tip vortex when the vortex is relatively young: for example,
when resolved on the observation planes at position 1 in Fig. 18 and
position 17 in Fig. 19. In both cases, the lifting-chord model more
accurately predicts the position of the young tip vortex by capturing,
to some extent, the slight curvature to the inboard sheet of vorticity as
it rolls up just downstream of the advancing blade. With the grid
resolutions that are presently achievable, these features are at the
limit of what is currently possible to resolve.
It was postulated earlier that problems in resolving both the low-
frequency and the BVI-induced loading on the advancing side of the
rotor could be due tomisrepresentation of the root-vortex system that
is generated by the rotor (perhaps as a result of the omission of any
representation of the blade attachments or rotor hub in the simu-
lations), and hence its effect in distorting the more outboard sections
of the wake. This interpretation seems unlikely, however, in the light
of the data presented in Fig. 18 for the wake structure at 40% of the
Fig. 20 Computed structure of wake vorticity (contours) and measured vortex core positions (symbols) compared on longitudinal slices through the
wake at 40% of the rotor radius, at medium and ﬁne computational resolutions (HART II BL case).
Fig. 21 Computed structure of wake vorticity (contours) and measured vortex core positions (symbols) compared on longitudinal slices through the
wake at 70% of the rotor radius, at medium and ﬁne computational resolutions (HART II BL case).
490 KELLYAND BROWN
rotor span, in which the predicted vortex structure shows very good
agreement with experimental data, even relatively close to the root
cutout of the rotor.
B. Effect of Grid Resolution
A comparison of the results for medium and ﬁne resolutions (as
deﬁned in Table 2) of the computational domain, shown in Figs. 20
and 21, reveals that an increase in the spatial resolution of the
ﬂowﬁeld results in a markedly improved deﬁnition of the various
vortical structures within the wake, but it does not signiﬁcantly alter
the predicted positions of the vortex cores within the ﬂow. The
exception is on the advancing side of the rotor, particularly at
Y=R 0:4, where a reﬁnement of the computational mesh reduces
the error in the prediction of the positions of the vortex cores from
about one-third of the blade chord to within the resolution of the
plotted data. On the other hand, cross-referencing the predictions of
blade loadingwith the data presented here does suggest a consistency
between the small improvement in vortex position that results from
an increase in the resolution of the wake and a slight improvement in
the phasing of the BVI-induced loading on the advancing side of the
rotor disk. The concentration of the vorticity that is associated with
each tip vortex, as the resolution of the ﬂow domain is increased,
lends some insight into the causes of the overpredictions in amplitude
of the BVI-induced loading peaks, particularly when the lifting-line
model for the blade aerodynamics is used.
C. Effect of Including a Fuselage
Figure 22 compares the vortex positions at 70% along the blade for
the HART II BL case when an isolated rotor is modeled with those
where a representation of the drive housing has been included in the
Fig. 23 Computed wake structure (contours of vorticity magnitude) and vortex core positions (symbols) estimated from the experimental data
compared on a longitudinal slice through the wake at 40% of the rotor radius (HART II MN case).
Fig. 22 Computed structure of wake vorticity (contours) and measured vortex core positions (symbols) compared on longitudinal slices through the
wake at 70% of the rotor radius, with and without a representation of the drive enclosure (HART II BL case).
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computation. Representing the drive housing in the computations
results in an upward deﬂection of the predicted wake geometry
compared with that when the fuselage is ignored, and it considerably
improves the match between the experimentally measured and
predicted vortex positions.
D. Minimum Noise and Minimum Vibration Cases
Figures 23 and 24 show contour plots of vorticity magnitude, as
predicted using each of the two models for the aerodynamics of the
blades, against experimental estimates of the positions of the vortex
cores on each of the longitudinal slices where measurements were
gathered for theMNcase. The computation included a representation
of the drive housing, and (as in theBL case) the locations of predicted
maximum vorticity in the ﬂow very accurately match the experi-
mentally measured positions of the vortex cores. On the retreating
side of the rotor, the vortices at position 47 and further downstream
are perhaps deﬂected a little too strongly by the presence of the drive
housing, resulting in vortex cores that lie slightly higher than the
positions of the cores that were estimated from the experimental data.
The wake structure of the MV case, depicted in Figs. 25 and 26, is
especially interesting. The experimental data suggest the existence of
a twinned tip-vortex structure on the advancing side of the rotor disk.
The existence of this structure was attributed to the reversed loading
at the tip of the advancing blade under the conditions of this particular
test. This is supported by the computational predictions, which show
the vorticity distribution on the slice through the wake at Y=R 0:7
to consist of a sequence of paired vortices: one rotating clockwise and
the other anticlockwise. The positions of both the clockwise and
anticlockwise vortices are in good agreement with the experimental
data until position 21; further aft, the anticlockwise tip vortices lie
slightly higher than is observed experimentally. In contrast, the
Fig. 24 Computed wake structure (contours of vorticity magnitude) and vortex core positions (symbols) estimated from the experimental data
compared on a longitudinal slice through the wake at 70% of the rotor radius (HART II MN case).
Fig. 25 Computed wake structure (contours of vorticity magnitude) and vortex core positions (symbols) estimated from the experimental data
compared on a longitudinal slice through the wake at 40% of the rotor radius (HART II MV case).
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vortex positions at equivalent locations on the retreating side of the
rotor are extremely well predicted by the computational method.
A rather revealing consistency is thus observed between the
regions of the rotor where the major discrepancies in the predicted
BVI-induced airload are encountered and where the prediction of the
wake structure is at its least satisfactory. The results presented here
serve to emphasize the extremely demanding requirements on the
accuracy of the model of the rotor wake and the structural dynamics
of the blades if truly accurate prediction of the BVI-induced airloads
on the rotor is to result.
VII. Conclusions
The effect of the ﬁdelity of the blade aerodynamic model on the
prediction of the high-frequency airloads that are associated with
BVIs has been assessed by coupling the VTM to two different
models for the aerodynamics of the blade. The ﬁrst model is an
extension of the Weissinger-L lifting-line model, in which the
strength of a bound vortex, placed at the quarter chord of each blade
panel, is determined by imposing a zero throughﬂow boundary
condition at a single point located at the three-quarter chord of the
panel. This approach is comparedwith a second lifting-chordmethod
that is based on classical unsteady thin aerofoil theory. In this
approach, the aerodynamic environment of the blade is represented
by a series of weighted integrals over the chord of each blade panel.
In contrast to the lifting-line model, the lifting-chord model has
been shown to accurately distinguish between those effects on the
blade airloads that are due to a sudden change in angle of attack and
those that are due to penetration of a vertical gust. The lifting-chord
approach also more accurately represents the unsteady lift, in terms
of both phase and amplitude, that is generated by an aerofoil in
response to an encounter with an isolated, freely convecting vortex.
Predictions of blade airloads and wake structure, obtained using
the VTM in conjunction with each of the blade aerodynamicmodels,
have been compared against data gathered during the HART II
experimental program. The rotor was operated in a descending ﬂight
condition in which the loading on its blades contained signiﬁcant
high-frequency content due to the presence of BVIs. These data have
been used in the present paper to analyze the ability of each of the
blade aerodynamic models to capture the detailed high-frequency
BVI-induced loading on the rotor. The dynamics of the blades were
prescribed to follow the experimentally measured blademotion, thus
allowing any effects on the quality of the simulation that are due to
structural deformations of the rotor blades to be separated from those
that are induced by the aerodynamics of the system.
The quality of the prediction of the low-frequency component of
the blade loading is negligibly inﬂuenced by themodel that is used to
represent the aerodynamics of the rotor blades. It is likely that the
main discrepancies in the prediction of this component of the airload
in the casesmodeled here are simply due to amisrepresentation of the
blade dynamics and are thus unrelated to the aerodynamic modeling
of the system.
Where the lifting-line model was used to represent the aero-
dynamics of the blades, the predicted high-frequency BVI-induced
component of the loading is found to be extremely sensitive to the
cell size that is used in the computations. Although the phase and
impulsewidth is onlymarginally inﬂuenced, the predicted amplitude
of the BVI-induced features in the loading on the blades increases
signiﬁcantly as the cell size that is used to resolve the wake is
reduced. Indeed, as the computational resolution is increased, the
calculation signiﬁcantly overpredicts the amplitude of the BVI-
induced features in the loading, particularly on the retreating side of
the rotor. These observations conﬁrm that deﬁciencies in prediction
of the BVI-induced airloads that were observed in earlier work were
not simply due to underresolution of the ﬂowﬁeld, but theywere also
due to a misrepresentation of the aerodynamic response of the blade
when subjected to the very localized perturbations in its aerodynamic
environment that are characteristic of helicopter BVIs.
A marked improvement in the accuracy of the predicted
high-frequency airloads of the HART II rotor is obtained when a
lifting-chord model for the blade aerodynamics is used instead of the
lifting-line-type approach. Errors in the amplitude and phase of the
BVI-loading peaks are reduced, and the quality of the prediction is
affected to a lesser extent by the computational resolution. In
particular, the overprediction of the amplitude of the BVI events,
which occurs on the retreating side of the disk as the resolution of the
computation is increased when using the lifting-line model, is
avoided. The insensitivity of the lifting-chordmodel to the resolution
of the computation can be explained in terms of its reduced
sensitivity to the localized small-scale features of the ﬂowﬁeld and
the dependence of its predictions, rather than on the integral,
invariant properties of the ﬂowﬁeld. In the context of helicopter BVI,
the primary advantage of this approach would thus appear to be the
possibility that it offers of true numerical convergence of predictions
as the resolution of the computational grid is increased.
VTM predictions of the geometry of the wake are shown to match
very closely with the experimental data, no matter which method is
Fig. 26 Computed wake structure (contours of vorticity magnitude) and vortex core positions (symbols) estimated from the experimental data
compared on a longitudinal slice through the wake at 70% of the rotor radius (HART II MV case).
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used to represent the aerodynamics of the rotor blades. The predicted
positions of the vortex cores on two longitudinal slices through the
ﬂow, one situated close to the rotor hub and one further outboard
along the blade span, agree with the measured data to within a
fraction of the blade chord. The slight curvature of the sheet of
vorticity behind the trailing edge of the blade is captured more
accurately by the lifting-chord approach than by the lifting-line
approach. Given the need for simpler models than CFD for use in
design, this paper reveals how carefully the wake structure and the
aerodynamic response of the rotor bladesmust bematched if accurate
predictions of the high-frequency airloads that are principally
responsible for the objectionable characteristics of helicopter rotor
noise are to be achieved.
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